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Frictional weakening by vibrations was first invoked in the 70’s to explain unusual fault slips
and earthquakes, low viscosity during the collapse of impact craters or the extraordinary mobility
of sturzstroms, peculiar rock avalanches which travels large horizontal distances. This mechanism
was further invoked to explain the remote triggering of earthquakes or abnormally large landslides
or pyroclastic flows runout. Recent experimental and theoretical work pointed out the velocity of
vibration as the key parameter which governs frictional weakening in sheared granular media. Here
we show that the grains mobility is not mandatory, and that the vibration velocity governs both
granular and solid frictional weakening. The velocity threshold controlling the transition from stick-
slip motion to continuous sliding is of the same order of magnitude, namely a hundred microns per
second. It is linked to the roughness distribution of the asperities at the contact surface.
“It is easier to further the motion of a moving body
than to move a body at rest.” This sentence written by
Themistius (about A.D. 320-390) is the first record of
friction in history [1]. Since then, the frictional motion
of a single body over a fixed substrate or of a sheared
granular assembly revealed a wide variety of behaviors.
At low shear velocity, the system experiences a stick-slip
motion, with the alternance of loading phases (system
at rest) and quick slip phases which release the energy.
When increasing the shear velocity, a transition to con-
tinuous sliding motion is reported [2–5]. During catas-
trophic events such as earthquakes, landslides or pyro-
clastic flow, puzzling phenomena of frictional weakening
were reported [6–9]: friction decreases with the shear ve-
locity. Melosh [10] first proposed in 1979 that vibrations
due to particle collisions could temporarily reduce the
normal stress, and thus decrease the shear stress thresh-
old to trigger sliding motion [11]. This mechanism, ini-
tially called vibrational fluidization and later on acoustic
fluidization [10, 11], was further sought to be at the ori-
gin of dramatic events triggered by external waves, such
as earthquake remote triggering [8, 12].
How does endogenous noise or external mechanical
disturbances drastically affect the frictional properties?
Many works have attempted to tackle this issue for the
last decades. They have shown that vibrations reduce or
even suppress friction [13–21]. Interpretations were pro-
posed based on a non-monotonic rheology curve, lead-
ing to instabilities and self-fluidization [22, 23], soften-
ing effect due to non-linearity at the grains contact [24],
contact opening [25, 26] or sliding [27]. In single-block
solid friction models, the vibration acceleration has often
been stated at the parameter governing the transition
between stick-slip motion and continuous sliding, with a
threshold equal to the gravitational acceleration [19]. In
a recent work, Lastakowski et al. [21] pointed out that
the vibration velocity, and not the acceleration, is the
parameter governing the frictional weakening in granu-
lar assemblies. This result is independent of the slider
velocity, contrary to what is expected from the classical
rate-and-state heuristic model [3, 5, 28, 29]. Surpris-
ingly, the sheared granular exhibits a transition between
stick-slip motion and continuous sliding for very low val-
ues of the vibration velocity, around 100 µm/s, indepen-
dently of most parameters which can be varied in the
system (slider velocity, grain size and material, granular
layer thickness, ...). A recent microscopic model based on
sliding contacts under vibrations in a granular assembly
successfully explains the dependence of the transition on
the vibration velocity [27]. However, important questions
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FIG. 1. Sketch of the experimental setup. (a) Side view. (b)
Top view. Different substrates are used in the experiment. In
the case of granular material, the accelerometers are located
at the bottom of the granular layer, aligned with the shaker.
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2arise: Is the grains mobility mandatory to experience this
transition? Is vibration velocity the parameter governing
the transition in solid friction too? Here we address these
questions by studying experimentally solid (paper-paper)
friction under harmonic vibrations.
Experimental setup – The setup is similar to the one
used by Lastakowski et al. [21] (Fig. 1) to further com-
pare the frictional weakening under vibrations in both
solid and granular friction. It consists of a slider, made
of plexiglas, of length 9 cm and width 6 cm, pulled over
a fixed substrate by means of a cantilever spring (metal-
lic blade of stiffness k) (Fig. 1). A steel spherical ball is
glued at the front of the slider to ensure a punctual con-
tact so that no torque is applied to the slider. The blade
is mounted on a translational stage (Schnaefler Technolo-
gies Sechnr) moving at constant velocity V . A DC motor
(Crouzet, 5 N.m, 17 W) coupled with differents reduc-
tion gears (Crouzet 1.04, 10, 100 RPM) allows to achieve
velocities between 18-7700 µm/s. An inductive sensor
(Baumer, IPRM 12I9505/S14) measures the blade deflec-
tion at a rate of 2 kHz. From the variations of the blade
deflection in time, we derive the instantaneous force F
applied to the slider, and denote F ∗ = F/mg the dimen-
sionless force, where m ' 22± 5 g is the slider mass and
g = 9.81 m.s−2 the gravitational acceleration.
Paper-paper friction is investigated by using two sets
of samples: smooth printer paper (Inapa tecno copy-
/laser pro laser, 80 g/m3, white) and rough drawing pa-
per (Cansonr Papier dessin blanc C grain, 180 g/m2,
rough surface). Reproducibility is systematically checked
by performing different experiments for each given set of
parameters. To avoid possible variations due to atmo-
spheric conditions, the whole experiment is set inside a
large box of controlled temperature T and humidity RH .
For all experiments on paper-paper friction, T = 35±2◦C
and RH = 20 ± 2%. Results for granular material are
inferred from the analysis of the previous experimental
data of Lastakowski et al. [21].
Vibrations are imposed to the whole experiment by
a shaker (Bru¨el & Kjær, type 4810 + amplifier 2706)
clamped on the aluminum frame. It applied horizontal
harmonic vibrations perpendicular to the slider’s direc-
tion of motion, along the y–axis (Fig. 1). The vibra-
tions amplitude A and frequency ω are measured in situ
close to the slider, at the surface of the solid substrate,
by three accelerometers (Dytran Instrument, model #
3035BG) getting the three components of acceleration.
Before performing any experiment, we checked that the
local acceleration is correctly oriented in the y–direction,
and constant over a region large enough to include the
slider motion.
Weakening and suppression of granular or solid fric-
tion – The pulling velocity V , slider mass m and spring
stiffness k (Fig. 1) are chosen such that, in absence of
vibrations, the slider always experiences a well-defined
stick-slip motion, characterized by a saw-tooth shape
of the instantaneous force applied to the slider (upper
signal, insets Figs. 2a,b). At fixed vibration frequency
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FIG. 2. Normalized force applied on the slider, F ∗ for (a)
granular and (b) solid (paper-paper, Inapa) friction [black
lines are guides to the eye]. Insets: examples of normalized
force as a function of time when increasing the vibration ve-
locity, (Aω), for (a) granular [k = 870 N/m, V = 35 µm/s,
red squares in (a)] and (b) solid friction [k =170 N/m,
V = 227 µm/s, white circles in (c)].
f = ω/2pi, when increasing the vibration amplitude, we
observe a decrease of the normalized force signal ampli-
tude, ∆F ∗ (insets Figs. 2a,b). Previous results on gran-
ular friction pointed out the vibration velocity, (Aω),
as the governing parameter driving frictional weakening.
Reanalysing data from Lastakowski et al. [21], we evi-
dence this dependence on the stick-slip amplitude decay
(Fig. 2a). Note the convex shape of the curve, indepen-
dent of the pulling velocity as long as it is small enough
for the system to be in stick-slip motion without vibra-
tions. The well-marked transition, at a critical vibration
velocity (Aω)c ∼ 100 µm/s, was found independent of
most experimental parameters (grain shape and mate-
rial, pulling velocity, granular layer thickness, etc.) [21].
For solid friction, we also report a weakening and sup-
pression of friction when increasing the vibration ampli-
tude (Fig. 2b). The vibration velocity, (Aω), is also the
governing parameter for the friction decay and suppres-
sion, independently of the pulling velocity V . Interest-
ingly, some differences appear between solid and granu-
lar friction. For Inapa paper, the shape of the frictional
weakening is concave, and does not display a clear transi-
tion between stick-slip and continuous sliding as in granu-
lar assemblies. The gray zone, which indicates the region
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FIG. 3. Solid (paper-paper) friction dependence on pulling
velocity or vibration velocity. (a) Normalized force F ∗ as
a function of time for different pulling velocity V , in ab-
sence of vibrations [up, Inapa paper; down, Cansonr paper;
k = 170 N/m]. The label on the vertical axes indicate the av-
erage value of the dimensionless force [dashed line]. (b) Nor-
malized force variations amplitude ∆F ∗ for Inapa (gray and
black) and Cansonr (red) paper as a function of the vibration
velocity, (Aω) [solid lines are guide to the eye, f = 300 Hz].
where stick-slip motion occurs, is delimitated by checking
the force signals (Fig. 2b, inset) and picking the vibration
velocity above which the slider does not experience any
more rest phases, i.e. linear increases in the force signal.
The critical vibration velocity, although of the same or-
der of magnitude than for granular friction, has increased
by a factor 2 for Inapa paper, (Aω)c ' 200 µm/s.
Role of roughness in frictional weakening – First, the
critical vibration velocity is compared to the slider veloc-
ity necessary to undergo the transition between stick-slip
and continuous sliding in absence of vibrations. Fig. 3a
(up) displays the normalized force exerted on the slider
as a function of time for different pulling velocity V , in
absence of vibrations (Aω) = 0. As predicted by a simple
friction model [5], the slider first undergoes a transition
between stick-slip motion and an inertial regime, char-
acterized by a periodic motion without any more rest
phases and a relatively large amplitude. However, no
steady-sliding is observed in the experimental range of
parameters, as it would require a much larger pulling ve-
locity, which cannot be reached by our setup. Therefore,
a simple force (or velocity) composition has to be dis-
carded to explain the transition between stick-slip and
continuous sliding when imposing vibration to the sys-
tem. Second, the critical vibration velocity (Aω)c to en-
ter the steady sliding regime in granular assembly was
previously explained as the critical energy to overcome a
potential energy barrier, namely the typical size of an as-
perity at the grain surface [21]. This explanation was in
agreement with the independence of (Aω)c on the grain
shape or material (e.g. spherical glass beads or irregular
ceramic beads), as the typical subscale of roughness was
similar, at the nanometer scale.
To test this hypothesis, we performed additional exper-
iments on Cansonr, a commercial paper which exhibits
a rough surface traditionally used for charcoal drawing.
We checked that for this paper, the pulling velocity alone
is never enough to provoke the transition between stick-
slip motion and continuous sliding (Fig. 3a, down), as for
Inapa paper. We then investigated the frictional weaken-
ing when imposing mechanical disturbances. One again,
all data collapse when plotting the force variations am-
plitude, ∆F ∗, as a function of the vibration velocity, Aω
(Fig. 3b). However, we observe a change in the critical
vibration velocity to undergo the continuous sliding mo-
tion. For Cansonr paper, indeed, (Aω)c ' 400 µm/s
(vertical red dashed line, Fig. 3b), representing an in-
crease of about a factor 2 respect to Inapa paper. Note
that similarly to granular assemblies, both the shape of
the frictional weakening curve and the critical vibration
velocity are robust for different spring constant k and
pulling speed V for a given paper-paper friction (Fig. 3b).
Changing the paper surface properties, however, induces
a change in the curve shape, which exhibits a linear de-
crease for Cansonr.
To further quantify the link with surface roughness
properties, we performed Scanning Electron Microscopy
(SEM, Supra 55, VP Zeiss) and Atomic Force Mi-
croscopy (AFM, NanoWizardr 4, JPK Instruments)
measurements on Inapa and Cansonr paper samples.
Figures 4a,b display SEM images of Inapa (Fig. 4a)
and Cansonr (Fig. 4b) paper, respectively. Although
Cansonr has a rougher surface, paper fibers are smaller
than Inapa paper. This indicates that the paper fibers
size is not the right scale of roughness, as they are most
probably flattened during paper manufacturing. As al-
ready proposed for granular assemblies [21], the smaller
scale of roughness may be the one controlling the fric-
tion. Smaller structures can be spotted on Figures 4a,b,
which size is smaller than a few microns. To quantify
the smaller scale of roughness, we then performed AFM
measurements on both paper samples. Their topogra-
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FIG. 4. Surface roughness analysis. (a,b) SEM images for
Cansonr (a) and Inapa (b) papers. (c,d) AFM topographic
map of 0.35 µm × 0.35 µm samples of Cansonr (a) and Inapa
(b) papers. The colorbar indicates the height in nanometers.
(e) Schematic view of the dispersion for the smaller scale of
roughness. The typical height of asperities is noted ξ. (f)
Statistical distribution of the asperities size. Inset: Box plot
representation. The box size represents the IQR (InterQuar-
tile Range) and give the typical size of the asperities for the
Cansonr, ξc, and Inapa, ξi, papers.
phy at small scale is clearly different, with rough linear
structures for Cansonr (Fig. 4d) in contrast to smoother
bumps for Inapa (Fig. 4c). The typical scale of the as-
perities, ξ (Fig. 4e) is represented in the inset of Fig-
ure 4f for Cansonr (ξc) and Inapa (ξi) by the vertical
size of the boxes in a box plot representation. We find
ξc ' 36.8 nm and ξi ' 11.3 nm. Following Lastakowski
et al. [21] and DeGiuli & Wyart [27], the energy of the
external vibrations necessary to undergo the transition
between stick-slip and continuous sliding should be of
order Ee ∼ (Aω)2, and comparable to the potential en-
ergy barrier to overcome, Ep ∼ ξ. The critical velocity,
(Aω)c, should therefore scale as the square root of the
roughness,
√
ξ. Statistical analysis of the AFM measure-
ments give the ratio between Cansonr and Inapa paper
samples,
√
ξc/ξi ∼ 1.8, in agreement with the critical
velocity ratio of about 2 for both solid substrates. In
the same way, it also gives the typical asperity scale for
the grains, ξg = ξi/4 ' 2.8 nm, in agreement with Las-
takowski et al. [21], who mentionned the typical size of
an asperity at the grains surface to be of the order of a
few nanometers.
Discussion – Numerical models for solid friction under
vertical vibrations predicted a transition between stick-
slip and continuous sliding motion governed by the vi-
bration acceleration, with a threshold at Aω2 ' g, the
gravitational acceleration [19]. The above results demon-
strate that, as previously shown in granular assemblies,
the vibration velocity, and not acceleration, is the param-
eter controlling the transition. It is interesting to note
that, for the typical frequency range used in the experi-
ment, the threshold velocity corresponds to a very small
value of the acceleration, typically a few percents of the
gravitational acceleration.
For granular assemblies or, more generally, soft glassy
materials, generic models have been proposed to predict
the disappearance of the yield stress and trigger of a con-
tinuous motion or “flow” of the system [30]. On the one
hand, the classical trap model describes a particle in an
energy landscape, where the external mechanical noise
acts as an activation mechanism and has an equivalent in
terms of effective temperature, even for athermal systems
such as granular media [31–34]. On the other hand, more
recent models pointed out different statistical behaviours
for thermal and athermal systems, and suggested that
the mechanical noise would lead to a global inclination
of the energy landscape, rather than an increase of the
particle energy to escape the well in which it is trapped
[35, 36]. Recent experimental evidences on dry granu-
lar media have shown that small controlled mechanical
fluctuations, whose amplitude is much smaller than the
granular assembly yield stress, are enough to provoke a
macroscopic flow by an accumulative process: tiny effects
integrated over time can lead to the system fluidization,
as a secular drift mechanism [37, 38]. However, although
the global effective rheology depends also, in this case,
on the product between the vibration amplitude and the
frequency - in other words, on the vibration velocity,
the authors do not find any velocity threshold (Aω)c as
their system flows continuously for any tiny applied vi-
bration. A possible explanation could be the existence
of a smaller, microscopic scale in the energy landscape
basins, as recently suggested by Charbonneau et al. [39],
which were not captured by the previous experimental
devices but successfully captured by our experiments.
Conversely, both numerical [40] and theoretical [27]
works mention the existence of a vibration threshold be-
low which no frictional weakening occur in granular as-
semblies, in agreement with laboratory fault-gouge ex-
periments [8, 12, 41] and field measurements [42]. Both
high-pressure experiments and field data suggest an in-
crease of this threshold velocity with the normal load - of
the order of 1 cm/s for 0.1 MPa and 10 cm/s for 10 MPa
fault load, for instance [42].
In summary, one could suggest the existence of two
thresholds: (1) a “high” threshold (Aω)c above which
5the yield stress vanishes and the system experiences a
continuous motion; (2) a “low”” threshold (Aω)∗ to trig-
ger the flow, increasing with confining pressure - which
was not captured by our experimental device. The diffi-
culty in capturing both thresholds lies in measuring tiny
effects, at the scale of asperities, together by increasing
strongly the normal load (from 0.1 to 10 MPa typically
in fault gouges experiments or in the field [8, 12, 15, 42]).
The experimental challenge is still open.
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